The radiation-transport code PHITS with an event generator mode has been applied to analyze energy depositions of electrons and charged heavy particles in two spherical phantoms and a voxel-based mouse phantom upon neutron irradiation. The calculations using the spherical phantoms quantitatively clarified the type and energy of charged particles which are released through interactions of neutrons with the phantom elements and contribute to the radiation dose. The relative contribution of electrons increased with an increase in the size of the phantom and with a decrease in the energy of the incident neutrons. Calculations with the voxel-based mouse phantom for 2.0-MeV neutron irradiation revealed that the doses to different locations inside the body are uniform, and that the energy is mainly deposited by recoil protons. The present study has demonstrated that analysis using PHITS can yield dose distributions that are accurate enough for RBE evaluation.
INTRODUCTION
In the 1990 Recommendations of the International Commission on Radiological Protection (ICRP), 1) the radiation weighting factor wR was introduced into dosimetry for radiological protection. The wR is given for different types and energies of radiation. The absorbed dose averaged over an organ or a tissue is weighted with wR in order to take into account the biological effects of different types of radiation. The values of wR have been evaluated by reflecting latest knowledge for epidemiology, biophysics, and radiobiology studies with regard to relative biological effectiveness (RBE). In the 2007 Recommendations of ICRP, 2) the wR values for neutron below 1 MeV were decreased by considering the effect of neutron-produced secondary particles in a body.
Epidemiological data of a large irradiated human population are one significant source in the evaluation of the wR values. A joint working group of Japan and USA researchers developed a dosimetry system 3, 4) for Japanese survivors of the atomic bomb explosions. The dosimetry system concluded that the contribution of neutrons is considerably lower than that of gamma rays to the total absorbed dose, and that doseresponse relationship of neutrons cannot be determined from the data of the atomic bomb survivors. Therefore, there is no large-scale epidemiological data by which to evaluate the neutron RBE in human carcinogenesis, and the evaluation must rely on the experimental data of small animals such as mice and rats.
Many radiobiological experiments have been performed for various endpoints. The National Institute of Radiological Sciences (NIRS, Japan) has started a research program into biological effects of fast neutrons, to derive the RBE values for carcinogenesis (murine myeloid leukemia and rat mammary tumor) and for effects on the development of nervous system in rodents. 5, 6) The experimental data are very useful to investigate the biological effects of neutrons needed for evaluating the RBE value. However, some difficulties remain to adopt the RBE data from the animal experimental systems to humans; namely, variations in radiation response among species and in the energy-deposition-process dependence on geometrical structure. Recently, the National Council on Radiation Protection and Measurements (NCRP) reviewed this issue from the viewpoint of radiobiology. 7) A complementary study considering the physical property of the energy deposition is also required to establish an acceptable method to assess the RBE values for humans from the data of small animals. However, conventional dose calculation and measurement are not applicable to analyze the microscopic pro-cesses of the energy deposition and to identify the charged particles that impart energy to the body.
In the present work, we have applied Monte-Carlo techniques to simulate interactions of neutrons with the chemical elements in bodies by use of the radiation-transport code PHITS 8) (Particle and Heavy Ion Transport code System). An event generator mode 9, 10) incorporated in PHITS was utilized to calculate the microscopic energy-deposition processes of each charged particle in several phantoms irradiated by monoenergetic neutrons. The contribution of secondary particles to the absorbed dose was investigated as functions of the size of receptor and the incident energy of neutrons, and the effectiveness of the simulation analysis for RBE evaluation is discussed.
MATERIALS AND METHODS

Physical processes to be analyzed
Neutrons going through a body produce various kinds of secondary particles by nuclear reactions, and the secondary particles impart energy to the body. Protons, deuterons, and alpha particles are ejectiles of the neutron-induced reactions with a nucleus; here we designate them as 'charged heavy particles'. The neutrons moderated down to the thermal energy region (about 0.025 eV) as a result of their interactions in the body are captured by a hydrogen nucleus, and produce a secondary photon of 2.2 MeV via the 1 H(n, γ)D reaction. These secondary photons produce electrons through Compton scattering, photoelectric effect and pair production. The absorbed dose upon neutron exposure is, therefore, composed of the doses from the charged heavy particles and the electrons. Their contributions relative to the absorbed dose depend on the body size and incident neutron energy.
Radiation transport code PHITS
The PHITS code 8) is designed to simulate the transport process of neutron, photon, electron, and charged heavy particles in an arbitrary three-dimensional geometry system. For neutrons, a theoretical model of nuclear reactions is used in the energy region from 10 -5 eV to 200 GeV. Evaluated nuclear data is also available which can be used to calculate neutron and photon transport in the low-energy region, typically below 20 MeV, by incorporating a part of the program of a Monte Carlo transport code MCNP-4C. 11) Calculation using evaluated nuclear data improves the accuracy of the transport values. In the present work, JENDL-3.2 12) (Japan Evaluated Nuclear Data Library, version 3.2) and ENDF/B-VI 13) (Evaluated Nuclear Data File B, version VI) were adopted as the nuclear data libraries for neutrons and photons, respectively.
Event generator mode
Conventional dose calculations for neutrons have been performed using the local approximation (Kerma approximation), in which all secondary charged particles and recoil nuclei are assumed to be stopped and to deposit their kinetic energies at the point of interaction. The Kerma approximation, however, provides neither the kind of secondary particles nor their energy distribution, which are important to consider radiation effects.
The calculation using PHITS and event generator mode 9, 10) makes it possible to determine the energy and momentum of all ejectiles event by event considering the multi-particle correlation. The energy distributions are obtained for each charged particle, and the absorbed dose is calculated directly from the kinetic energy of the charged particles transported to a region of interest without Kerma approximation. The method simulates low-energy neutroninduced reactions by combining the evaluated nuclear data with a statistical decay model. 14) The calculation is performed by the following procedures. When neutron interacts with a nucleus, the reaction type is determined by randomly sampling numbers distributed according to the cross sections of the nuclear data. If the selected reaction releases one or more neutrons, the energy and momentum of the first emitted neutron are determined using the nuclear data. The emission of other particles such as a deuteron or alpha particle, or decay of the residual nucleus is treated by the statistical decay model restricted to be consistent with the reaction type. Further details are described in References 9) and 10).
Spherical phantom
We employed two sizes of spherical phantom shown in Fig. 1 in order to clarify the dependence of the dose contributions of electrons and charged heavy particles upon the size of the receptor and the energy of the incident neutrons. The phantoms consisted of ICRU tissue, 15) and the diameters were set at 30.0 and 5.0 cm, which roughly represent the size of human and mouse bodies, respectively. They were irradiated by monoenergetic neutrons from 10 -9 to 10 MeV with the isotropic geometry (ISO) defined by ICRP. 16) The dose contributions of electrons and charged heavy particles were calculated at target regions positioned at the center of the spheres 3.0 and 0.5 cm in diameter.
Voxel phantom of mouse
A voxel (volume pixel) phantom of a mouse was developed using computed tomographic (CT) images of a mouse to analyze the detailed dose distribution inside the mouse body irradiated in the experiment at NIRS. The voxel phantom has the advantage that it can represent realistically anatomical structure including the internal organs using a large number of voxels arranged like a lattice in the three-dimensional space.
An 8-week-old C3H/HeNs mouse was imaged using a dedicated small-animal CT scanner, an in-vivo 3D micro xray CT system (Rigaku Inc., Japan). The mouse was fixed on a central stage, and the x-ray tube and the flat-panel detector were rotated around it. 552-image slices with 20 micro-meter pixel size were acquired in 17 sec. The three-dimensional voxel phantom was constructed from the CT images using the computer-software JCDS 17) (JAERI Computational Dosimetry System). The CT images were converted into the DICOM format, and loaded into JCDS. The ROI (Region of Interest) was set automatically according to CT values or manually by drawing lines on the image. The images were segmented into soft tissue, bone tis-sue, and lung tissue, and were converted to voxels with dimensions of 1.0 × 1.0 × 1.0 mm 3 . Table 1 shows the elemental compositions and the densities of materials assigned to the present phantom. The data were taken from the ICRU report 44. 18) The voxel phantom was incorporated into the PHITS code using a repeated structure and lattice geometry representa- tion. Figure 2 gives views of a voxel phantom of a mouse and its skeleton structure. The voxel phantom was irradiated by parallel beams from above to below, which represents the configuration of the irradiation experiments at NIRS. Figure 3 shows the dose contributions of electrons and charged heavy particles at the center region of the spherical phantoms seen in Fig 1. In the 30-cm-diameter phantom, the dose contribution of electrons is nearly equal to the total dose. This can be explained as follows. Neutrons incident on the large receptor are slowed down through nuclear reactions and multiple scattering, and are thermalized. As a result, 2.2-MeV photons are generated from the 1 H(n, γ)D thermal neutron capture reaction, and the photons collide with electrons at regions a certain depth from the sphere surface. On the other hand, the dose contribution of charged heavy particles is dominant in the 5-cm-diameter phantom. Because the neu-trons are not significantly moderated in the small receptor, the yield of secondary photons is relatively low.
RESULTS
Spherical phantom
As shown in Fig. 3 , the dose contribution of electrons increases with decrease of the incident energy. This is consistent with the experimentally verified '1/v law' that capture cross section is inversely proportional to the velocity of the neutron. The relative contribution of electrons to the total absorbed dose is greater than 90% below 0.1 MeV in the 30cm-diameter phantom, and 50% below 0.1 keV in the 5-cm one. For energies above about 1 MeV, the electron component originates from the photons emitted from the residual nuclei excited by the fast-neutron collisions. One of the significant reactions is the excitation of an oxygen nucleus by a fast neutron, the 16 O(n, n') 16 O * reaction, that emits a 6.1 MeV photon in the de-excitation process. Figure 4 shows the dose distribution inside the voxel phantom of mouse irradiated by 2.0-MeV neutrons. The upper and lower figures are the cross sections on vertical and horizontal planes, respectively, passing through the center of the phantom. The grid lines indicate the boundary surfaces of the voxels. The neutrons were incident on the back of the mouse, and irradiated the whole body. It is obvious from the figure that the absorbed dose is uniform in the body, except for the lungs. This can be explained as follows. As shown in Fig. 3 , the absorbed dose in this energy region is dominated by the contribution of charged heavy particles, which deposit energy around the interaction spot. Since the mean free path, the mean distance a neutron travels without interaction, of the 2.0-MeV neutrons in the soft tissue is longer than the length of the phantom, the probability of producing the charged heavy particles is almost the same at any point inside the phantom. Figure 5 shows the distributions of energy deposited by electrons, protons, deuterons, and alpha particles in the mouse phantom for various energies of neutrons. With 1.0-MeV neutron incidences, the energies are deposited mainly by protons. The elastic scattering between a neutron and a hydrogen nucleus, 1 H(n, n) 1 H, is a dominant reaction. With incident neutrons in the higher energy region, not only protons but also alpha particles contribute to energy deposition via nonelastic reactions of neutrons with nuclei, such as 16 O(n, α) 13 C and 12 C(n, α) 9 Be.
Voxel phantom of mouse
As the incident neutron energy becomes lower, the energy deposition by electrons becomes conspicuous. This is the same tendency shown in the analysis by using the spherical phantom with diameter of 5 cm. The high-energy end of the electron spectra is located at 2.2 MeV deposit energy, because the electrons are generated by the Compton scattering of 2.2-MeV secondary photons. In addition, one can see the sharp peaks of protons positioned around 0.62 MeV deposit energy. The peaks come from the thermal neutron capture of a nitrogen nucleus, the 14 N(n, p) 14 C reaction. This 
DISCUSSION
The radiation-transport calculation by PHITS using the event generator mode clarified the dependence of the contributions by two components of neutron dose, i.e. electrons and charged heavy particles, upon the size of the receptor and the energy of the neutrons. The simulation analysis using the simplified spherical phantoms showed that the relative contribution of electrons to the absorbed dose on neutron exposure becomes larger with increase in the phantom size and decrease in the neutron energy.
The voxel-based mouse phantom was developed to simulate the 2.0-MeV neutron irradiation on a mouse. The dose distribution was uniform inside the mouse body, and the energy was transferred to the body mainly through protons generated by elastic collisions of a neutron with a hydrogen nucleus. The distributions of energy deposited by charged particles were also analyzed by varying the incident neutron energy. The results made it clear which nuclear reaction contributed to the energy deposition in the body. We conclude that the Monte-Carlo calculation using the event generator mode can provide significant information for evaluating the RBE values for neutron; this analysis cannot be realized by a conventional dose calculation using the Kerma approximation.
In our future work, we will calculate absorbed dose and energy spectra of charged particles in organs of a mouse. The calculation results will be dedicated to the evaluation of RBE on mice irradiated at NIRS. For this purpose, the organs and tissues must be segmented with a higher resolution because some organs interested in the experimental study have very small and complicated shapes. The next revision of the mouse phantom will be composed of 0.1 × 0.1 × 1.0 mm 3 voxels. Furthermore, the analysis will be extended to calculations using a human voxel phantom. 19) The difference of the energy deposition at a same organ or tissue of a mouse and human will be fully analyzed in hopes that this will provide appropriate ideas as to how to adapt RBE data of neutrons obtained in experiments to the case of humans for a radiological protection system. 
